Introduction
Anthocyanins, the biggest group of water soluble natural pigments of plants, are responsible for the attractive colors of flowers, fruits and vegetables, contributing largely to the aesthetic quality of plant-derived products. These polyphenolic substances are glycosides of polyhydroxy and polymethoxy derivatives of 2-phenylbenzopyrylium or flavylium salts. 1 There is widespread interest in anthocyanin applications and their degradation reactions in many fields of science. For example, the most important industrial application of plant anthocyanin research is in the food industry, and especially for wine commercialization. 2 Anthocyanins have been postulated as chemical markers capable of differentiating grape cultivars and reed wines made with different grape cultivars. 3 Another major interest of the food industry is in their use as natural colorants to replace synthetic red dyes. 2 Recently, the biological activities of anthocyanin materials, such as their antioxidant activity, ability to protect from atherosclerosis and anti-carcinogenic activity have been investigated. These materials are shown to have some beneficial effects in the treatment of diseases. 4 These pigment patterns exhibited by different fruit species can be interesting for chemotaxonomic investigations and are now useful for controlling juice or juice mixtures. 5 Anthocyanins exhibit greater stability under acidic conditions, but under normal processing and storage conditions readily convert to colorless derivatives and subsequently to insoluble brown pigments. The chemical nature of an anthocyanin, its concentration, the presence of pigment mixtures, the pH, the presence of compounds known as copigments and sometimes the presence of certain metal ions seem to be the major factors influencing the color of anthocyanins. [6] [7] [8] The main factor in the fading process is the high reactivity of the flavylium cation toward nucleophilic reagents, including the three water species (H2O, OH -and H + ). 9 Thus, water solvent plays an important role in influencing both the stability and the reactivity of the anthocyanins. This demonstrates that pH is one of the most important factors in the phenomenon of flower and fruit pigmentation due to anthocyanins. 1 It has been demonstrated by means of kinetic, 1 thermodynamic and spectroscopic techniques that, at 25˚C in acidic aqueous solutions, four anthocyanin species exist in equilibrium; namely, the flavylium cation (AH + ), the quinoidal base (A), the pseudobase or carbinol (B), and the chalcones (C), see Fig. 1 . Increasing the pH displaces the equilibria between the numerous chromophores and consequently the relative amounts of all these structural forms vary. 8 At pH values above 9, anthocyanins occur mainly in E-and Z-chalcones and ionized forms. AH + / A + H + acid/base equilibrium (1)
B / CE ring/chain tautomeric equilibrium
Traditional studies on degradation reactions as well as on the A three-way resolution method based on PARAFAC model was applied for the UV-Vis spectra to study the simultaneous degradation of anthocyanins extracted from fresh calyces of flowers of the Hibiscus sabdariffa. This methodology was used to resolve a chemical system, for which there was no a priori information about the composition or the pure spectra, a so-called black system. In the pH range from 1 to 13, seven species were identified: flavylium cation, carbinol, quinoidal base, E-and Z-chalcones and E-and Z-ionized chalcones. The concentration changes were determined as functions of pH at different wavelengths. The pK values for the acidity constants as well as tautomeric constant were estimated as 2.70, 3.54 and 0.14, respectively. The spectral profiles recovered by the chemometric methods are in excellent agreement with bands of experimental spectra reported in the literature for the species measured at specific pH values. copigmentation effect of flowers and fruits, involve compound extraction, isolation and purification. 8 Anthocyanins are generally isolated as flavylium cations, the counter-ion being the cloride or perclorate anion. In the other hand, modern analytical instrumentation and chemometric methods are capable of studying anthocyanin systems without isolation and purification of individual components.
Curve resolution methods are a group of chemometrical approaches suited for the treatment of multicomponent data matrices based on the determination of qualitative information and recovery of response profiles, e.g. time profiles. A large number of curve resolution techniques have been published. The methods can be divided in two groups: 1) Two-way resolution applicable to the resolution of single matrices, e.g. orthogonal projection (OPA), 10 Imbrie's Q-mode factor analysis followed by varimax and Imbrie's rotations, 11, 12 correlated spectral data by procrustes rotation, 13 interative target transformation factor analysis (ITTFA), 14 and 2) three-way resolution methods applicable to the resolution of two or more matrices. 15 In the last two decades, multi-dimensional data arrays can be obtained using so-called hyphenated instruments such as a highperformance liquid chromatograph with a diode array detector (HPLC-DAD), an excitation/emission matrix spectrofluorometer, or a UV-Vis spectrophotometer equipped with a diode array detector for the acquisition of spectra as function of reaction time. In this way, each sample generates a two-way data matrix (spectra versus time). Thus far, several multi-way methods have been developed to solve complex chemical problems, such as Multilinear Partial Least Squares (N-PLS), 16, 17 Generalized Rank Annihilation method (GRAM), 18 Direct Trilinear Decomposition (DTD), 19 Tucker, 20 Parallel Factor Analysis (PARAFAC) 21 and Multivariate Curve Resolution (MCR). 22 Most food nowadays is processed in some way before reaching the consumer, and manufactures have a need to replace color lost during processing or to color products which would otherwise be colorless and unappealing. With increasing public concern about the safety of synthetic colorants, natural pigment extracts are assuming greater prominence. The red pigments contained in red flowers of the Hibiscus species have been used as food colorants. 23 Particularly, the one present in the calyces of roselle (Hibiscus sabdariffa L.) and in the petals of Hibiscus rosa-sinensys L. has been popular.
In a previous work 24 we reported the kinetics of simultaneous degradation of anthocyanins extract from fresh petals of hibiscus flowers of the Hibiscus rosa-sinensys L. var. regius maximus species. We used a PARAFAC model to resolve the absorption spectral profiles as well as the kinetic concentration profiles, resulting in relative concentration profiles as a function of pH.
In this work, the PARAFAC model was used as a tool to investigate more fully the effects of pH on the spectra and kinetic profiles of natural anthocyanin systems present in the calyces of hibiscus flowers of Hibiscus sabdariffa L. species, for which there was no a priori information about the composition or the pure spectra, a so-called black system, in the pH range from 1 to 13. In contrast to other studies, this work uses the complete ultraviolet-visible spectra measured between 240 -748 nm, without isolation and purification of the individual components.
The pigment mixtures including anthocyanins and other substances, namely, flavone, glycosides (co-pigments) and free sugars, were extracted from fresh calyces of hibiscus flowers of the Hibiscus sabdariffa species. The results obtained in this work may constitute the basis for the development of an analytical methodology for determining the number of species involved and for elucidating the mechanism of the anthocyanins degradation kinetics.
Theory

Parallel factor analysis
Parallel Factor Analysis (PARAFAC) 21 is a decomposition method for multi-way data, which performs deconvolution in three loadings matrices: A, B and C with elements aif, bjf and ckf (Eq. (4)). The trilinear model is found to minimize the sum of squares of the residuals, eijk, in the model,
where xijk is the (i,j,k) original element of the trilinear data set, and F is the number of factors. The interactive algorithm used to solve the PARAFAC model is an alternating least squares (ALS) algorithm that assumes two initial estimates of the loadings in two modes and then estimates the unknown set of parameters of the last mode while optimizing the residuals of the model. These initial guesses can be estimated using chemical knowledge, such as normalized pure spectra of species presented in the system, by random initialization, or more generally, by Direct Trilinear Decomposition. 19 When the model converges, the results have the same number of triads as the number of factors assumed. Each triad is composed of one score vector and two loading vectors that have the profile of the pure species present in the system.
The critical problem for determining the PARAFAC model is the correct choice of the number of factors for decomposition. This is done with experimental analyst knowledge and using techniques such as split-half experiments, 25 estimation of core consistency diagnostics 26 or errors in the pseudo-univariate regressions. 
Experimental
Plant material
Plants were cultivated in the garden of the Chemistry Department of the Universidade Estadual de Londrina (UEL), in Londrina, PR, Brazil.
Extract preparation
Pigments were extracted by maceration of fresh calyces (10.10 g) of the hibiscus flowers with 0.1% HCl in ethyl alcohol. The ethanolic extracts were filtered with filter paper.
Buffer solutions
All reagents were of analytical grade. Buffer solutions with 17 different pH values were prepared with phosphate following the detailed procedure as described by Levi. 24 The pH of each solution was measured with a HANNA HI Model HI9321 pH meter.
Spectrophotometric analysis
The analyses were carried out using an Ocean Optics Model CHEM2000 Spectrophotometer with a quartz cuvette (d = 1 cm). The temperature was fixed at 25 ± 0.1˚C. Ultravioletvisible absorption spectra at different pH values were recorded from 240 -748 nm, with increments of 0.38 nm. Three milliliters of ethanolic extracts of anthocyanin were added to 20 mL buffer solutions, and immediately recorded at intervals of 20 s for 30 min.
Data analysis
Each spectrum was mathematically reduced from 1450 to 261 points (240 -748 nm), by using steps of 5 points (1.95 nm) to lower the dimension of the three-way data matrices, thus increasing the processing speed of the chemometric methods. Each pH batch was composed of 87 spectra. A set of 17 pH values was used to construct the model. The kinetic data collected was arranged in a three-way array with dimensions of 17 × 261 × 87 (pH, wavelength and time, respectively).
Computer programs
The experimental data were processed with programs written in Matlab 6.5. For PARAFAC calculations the N-way toolbox for Matlab (version 2.11) was used as developed by Bro and Andersson, 28 available at http://www.models.kvl.dk/source/. Figure 2 shows the experimental surfaces obtained at different pH values. In acidic medium, at pH 1.0 (Fig. 2a) and pH 3.8 (Fig. 2b ) the spectra show a characteristic absorption of the cation form of the flavylium structure, with a strong peak absorption band at λmax = 520 nm. Chalcone absorbs strongly in the 300 -400 nm region and less strongly in the 220 -270 nm region. Close to 275 nm, the peak absorption is characteristic of the carbinol base B structure. At decreased acidity, in weakly acidic and neutral buffer solutions, pH 6.8 and 7.5, the spectra cease to show a flavylium structure absorption band, Figs. 2c and 2d. As one can see from the spectrum at pH 6.8, light absorption leads to color bleaching and degradation of the anthocyanin molecules, as evidenced by decreases of absorption with maxima at 520 nm. At pH 7.0 a new band appears at around 600 nm. This band is attributed to anhydrobase. On other hand, the observed spectra at pH 10.5, Fig. 2e, and 13 .0, Fig. 2f , show the increases in absorbance at 305 nm, 380 nm, 270 nm and 400 nm. These absorption maxima can be attributed of the mixtures of cis-chalcone CE (380 nm) and ionized cis-chalcone CE -(305 nm) and trans-chalcone CZ (400 nm) and ionized trans-chalcone CZ -(270 nm). The number of components used in the construction of the PARAFAC model was based on percentage of fit calculations and a core consistency diagnostic (CORCONDIA). 26 Fit percentage (Fit, %) corresponds to how well the model can reproduce the experimental data and is given by (8) where xijk is the ijk-th experimental element and xijk the ijk-th element predicted by the model. Corcondia is a parameter related to the trilinearity of the estimated model and an ideal percentage value of 100% expresses a full trilinear PARAFAC model. This model is more complex than that previously presented; 24 in this case, six factors were considered to be an adequate number of components for construction of the PARAFAC model, because the errors were lower than 0.1%. The CORCONDIA value for six factors was 54%, and when more factors are used, this value decreases to around zero. The PARAFAC model obtained with six components decomposes the tensor X into a score matrix of pH profiles (A), loading matrices of spectra profiles (B) and a loading matrix of kinetic profile (C). Figure 5 shows a graph of the loadings Fit (%) = 100 × 1 - corresponding to the first dimension of the three-way X tensor. Six loading vectors, a1, a2, a3, a4, a5 and a6 form this A matrix. The loadings presented in Fig. 3 represent the relative concentration profile, since the true concentration is not available. The profile of the first loading vector, a1, contains contributions from ionized cis and trans chalcones and the flavylium cation. It is worth noting that the a2, a3 a4 and a5 loadings have concentration profiles that appear to have random behavior in the 1.0 -8.0 pH range. The reason why we obtained such a result is that all of the species: B, CE, CE -, CZ and CZ -, are present at some time depending on conditions, considering that the pigment was not purified. In spite of this it was possible to calculate the Kh = ( where aH + is the activity of the hydronium ion. pKh value of 2.70, pkc value of 3.54 and kT value of 0.14 were calculated from the results presented in Fig. 3 . This result is in good agreement with constant values reported in the literature. 29 Brouillard and collaborators 29 attribute these constants to malvidin 3-glucoside chloride. Even though the pigment is composed of anthocyanin mixtures, the spectral profile is not affected since the absorption bands are broad and the different anthocyanin species absorb in the same region. Figure 4 shows a graph of the loadings corresponding to the second dimension of the three-way tensor X. Six loadings vectors: b1, b2, b3, b4, b5 and b6, form this B matrix. Each one furnishes the resolved spectral profiles at the PARAFAC model applied to the full array. By comparing these spectra it is possible to confirm the structural changes occurring in the 1.0 -13.0 pH range. Figure 4 shows that many of the active color compounds and colorless forms are easily identified. They comprise the flavylium cation (AH + ), the quinoidal base (A), the pseudobase or carbinol (B), the cis (CE) and trans (CZ) chalcones and finally the ionized cis (CE -) and trans (CZ -) chalcones.
Results and Discussion
Since anthocyanin solutions are mixtures of different forms, the results of Fig. 4 show that it is not possible to obtain the pure spectrum of each species. However an interesting aspect was revealed in the analysis. The estimated profiles correspond to the equilibrium distributions for colored and colorless structures in the different pH ranges. The absorption spectra of the trans-chalcone and cis-chalcone isomers are practically identical. So only one profile is obtained for these species. In this study, good agreement between the resolved spectra profiles and reported spectra profiles 30 was obtained. Figure 5 shows a graph of the loadings corresponding to the third dimension of the three-way X tensor. This C matrix shows that, in the 1.0 -13.0 pH range, there are six kinetically distinct processes, formed by six loading vectors: c1, c2, c3, c4 c5 and c6.
Each one furnishes the kinetic profile of the corresponding loading vector shown in Fig. 5 . From a kinetic viewpoint, the situation encountered in this process is interesting since the reported investigations are limited to an acidic pH range in which no ionized chalcone form and in which quinoidal base (A) and Z-chalcones are present. As can be seen, two loading vectors, c1 and c5, vary very slowly. It is difficult to interpret why the estimated profiles have these peculiar shapes, since each profile is associated with the chalcone species. This behavior might indicate the E-chalcone-Z-chalcone interconversion explained by the kinetic system 10 in Scheme 1.
In this mechanism, CZ or its anion arises from the isomerization of CE or its anion, respectively, the latter two species being in equilibrium with each other and with AH + and B. That is, the various transformations involving AH + , B, CE and CE -are complete and these species are at equilibrium before the E-Z isomerization occurs. Furthermore, the rate at which these species equilibrate is more rapid than the rate of E-Z isomerization, so that the equilibrium is maintained.
Conclusions
This article has provided more information on the chemistry and the UV-Vis spectra of simultaneous degradation of anthocyanins in extract from fresh calyces of hibiscus flowers of the Hibiscus sabdariffa species using a PARAFAC analysis. It has been shown that simple kinetic-spectrophotometric experimental procedures are able to generate trilinear structures from complex reaction structures at different pH values based on the deconvolution of UV-Vis absorption spectra. The spectral profiles recovered by the model are in excellent agreement with the experimental spectra, confirming the fact that a complex system difficult to analyze using general chemistry and simple mathematical. pKh value of 2.70, pKc value of 3.54 and KT value of 0.14 were obtained. The estimated values are close to those reported in the literature. 29 
